Seismic hazards, such as bridge pounding, unseating, collapse, etc., cause significant economic losses and affect traffic and safety. Research on seismic measures, such as limiting and unseating prevention devices for the bridge, can effectively prevent damage to the bearings, such as excessive displacement, the pounding of the beam end, etc., in an earthquake. In this paper, the dynamic time-history analysis method was used to study the mechanical behaviors of the bridge structure, such as its seismic performance, structural displacement, pier bending moment, etc. We found that different combinations of seismic measures can effectively reduce the displacement at the bridge expansion joint and bearings. The joint application of an expansion device, restrainer, and unseating prevention devices shows the best limiting effect on bridge displacement and expansion joint displacement. The maximum reduction of bridge expansion joint displacement reaches 48% and is within the allowable deformation range of an expansion device in a large earthquake, and the maximum reduction of bearing displacement reaches 34%, which only slightly exceeds the shear deformation of the bearing. The expansion device, restrainer, and unseating prevention devices have smaller internal forces in this case than other cases, without damage. In contrast to the previous studies on single seismic measures of unseating restrainers, this study investigates the combination of multiple seismic measures and earthquakes of various magnitude. It reveals the catastrophe process of the bridge structure and the cooperation law of seismic measures in an earthquake.
Introduction
In recent years, many bridges have become damaged, even by pounding and unseating, due to the failure of bearings and the pounding between adjacent structures during earthquakes. These incidents cause significant economic losses and many casualties [1] [2] [3] [4] [5] [6] . Therefore, it is essential to explore new seismic measures to prevent the pounding, unseating, and collapse of bridges in earthquake-prone countries.
The researchers used experiments [7, 8] and numerical simulation techniques to study different seismic measures, such as concrete shear keys [9] [10] [11] , steel bar restrainers [12, 13] , cable restrainers [7, 14] , viscoelastic dampers, and innovative devices [15, 16] . Numerical simulation techniques (including quasi-static [17] [18] [19] , the seismic design method [20] [21] [22] , and dynamic simulation [23] [24] [25] [26] ) are widely used for anti-seismic research on the prevention of pounding and unseating because of their advantages that they consume few resources and acquire a large amount of physical information.
Saiidi et al. [17] investigated four bridges retrofitted with seismic measures during the 1989 Loma Prieta earthquake. They found that measures are effective to reduce the displacement of the bridge and are generally capable of reducing the intensity of impact between two adjacent decks.
DesRoches et al. [18, 19] carried out a series of full-scale tests of a simply-supported bridge to evaluate the force-displacement behavior of the cable restrainers. They found that the inadequate performance of restrainers during large earthquakes remained elastic. Li et al. [21] proposed a displacement-based seismic design method for cable restrainers in a three-span simply supported highway bridge; the behavior of cable restrainers was modeled using a tension-only elastic element with a gap/slack. The results show that the restrainers could remain functional and limit the relative displacement within a design value during earthquakes. Guo et al. [26] studied a multidirectional cable restrainer on the seismic fragility of a curved bridge, and their results indicate that multidirectional cable restrainers can remarkably decrease the failure probability of a bridge subjected to a strong earthquake, and that a pier with fixed bearings will experience severe axial forces. Some researchers compared the seismic performance of seismic measures in limiting the relative displacements of the bridge; the studies indicated that all the devices could control the bearing deformation to a safe limit if they were designed correctly [27, 28] . Another mitigation measure for the pounding of adjacent structures would be the prevention of impact incidents by providing sufficient gaps. However, the size of expansion joints has to be limited for smooth traffic flow, making the adjacent structures susceptible to earthquake-induced poundings [29] . The incorporation of layers of soft material on the expansion joints to act as shock absorbers has been suggested; previous studies have assessed the effectiveness of this impact mitigation measure on the response of bridges and buildings [30] .
Researchers have studied the single factor of seismic measures and the effectiveness of seismic measures for preventing bridge pounding and collapse in an earthquake. However, the combination of multiple seismic measures is seldom considered, and the seismic effects of a single seismic measure and multiple seismic measures are rarely compared [31] . Kawashima and Shoji [29] revealed that a rubber bumper, along with restrainers at the bridge joint, was not only effective in reducing joint acceleration and relative joint displacements but also reduced the response of the bridge piers to some extent. Zhu et al. [32] proposed applying shock-absorbing devices along with restrainers to counter pounding effects and to improve the serviceability of elevated bridges during a seismic event; their results indicated that rubber shock-absorbing devices were effective in mitigating the impact forces as well as the acceleration impulse caused by pounding. Abdel [14] investigated three different configurations of a hybrid device with a rubber bumper and restrainers to prevent unseating and mitigate the pounding effect at the expansion joint of isolated multi-span bridges, and the results showed that restrainers are substantially effective at reducing the relative displacements and impact forces due to pounding at the expansion joints. The sudden changes of stiffness during poundings can be smoothed by using a natural rubber shock absorber, which prevents the acceleration peaks due to impact. Shrestha et al. [33] discussed the merits and limitations of various pounding and unseating mitigation devices that have been proposed by multiple researchers, and the application of rubber bumpers with restrainers and the combination of dampers with restrainers has received considerable attention in applications to reduce the damages as well as improve the serviceability of the bridge.
The above research shows that, under the action of multi-factor coupling, the influence of seismic load on various measures is not a simple linear superposition, which also means that the effectiveness of different coupling measures on the seismic response of bridges is diverse and complex. A satisfactory aspect is that it provides specific stiffness against service-level loads, dissipates substantial energy during moderate earthquakes, and prevents collapse during a strong earthquake [34, 35] .
This paper focuses on the seismic effectiveness of multiple seismic measures (such as expansion devices, restrainers, and unseating prevention devices) on preventing unseating, pounding, and collapse damage to a continuous girder bridge under earthquakes of various magnitudes to reveal the catastrophe process of the bridge structure and the cooperation law of seismic measures in an earthquake.
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Theoretical Pounding Analysis of a Bridge
The pounding process of bridges is usually described in two stages:
(1) Initially, there is no pounding between the structures, and the pounding stiffness can be regarded as zero. (2) When the ends are pounding, the pounding stiffness will no longer be zero. If seismic measures are adopted on the bridge, the pounding stiffness will be the stiffness of the control measures.
In this paper, m is the mass of the superstructure, k is the pounding stiffness, and c is the damping at the time of the structural pounding. The variables x(t), .
x(t),
..
x(t) are the displacement, velocity, and acceleration of the structure relative to the ground, respectively, which are all functions of time t. Assuming that the pounding occurs at time t = 0 and finishes at time t 0 , the motion equation of the structure is as follows:
where x(0) and .
x(0) are the structural displacement and velocity at time t = 0. The solution of the equation is
where A = v 0 ω d
, ω n = k m , and ω d = ω n 1 − ξ 2 . ω n is the natural frequency of the structure, ω d is the natural frequency of the structure with damping, and ξ is the damping ratio.
According to the boundary conditions of the pounding ..
x(t 0 ) = 0, the pounding time can be calculated as follows:
The velocity after the pounding .
x(t 0 ) can be calculated by solving the following equation:
.
The velocity ratio before and after the pounding is
As the average impact force is F, according to the momentum theorem, the relationship between the average pounding force and velocity is as follows:
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As
, ω n = k m , and ω d = ω n 1 − ξ 2 , the average pounding force can calculated by solving the following equation:
It is evident from Equation (8) that the average impact force F in the pounding process is a function of the damping ratio ξ and stiffness k [21] . Therefore, when preventing bridge pounding, controlling the stiffness and damping of the structure will influence the pounding force.
Establishment of a Finite Element Model of a Bridge

Description of the Bridge
A four-span continuous girder bridge is studied to evaluate the effect of seismic measures. The bridge has a single span of 30 m and a total span of 120 m, as shown in Figure 1a . Figure 1b shows the section of the girder, which consists of six small box girders with either reinforced or pre-stressed concrete, with a width of 17 m and a height of 1.6 m. The compressive strength of concrete used in the girder is 50 MPa, the elastic modulus is 34,500 MPa, and the bulk density is 25 kN/m 3 [21] . The piers of the bridge have a square cylindrical section, with a height of 15 m and a side length of 1.8 m, as shown in Figure 1c . The compressive strength of concrete used in piers is 30 MPa, the elastic modulus is 30,000 MPa, and the bulk density is 25 kN/m 3 . The total weight of the bridge is 8137 kN [25] . The girder and pier of the bridge are modelled using the elastic beam-column elements. The pier foundation is assumed to be fixed and the soil structure interaction is neglected.
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A four-span continuous girder bridge is studied to evaluate the effect of seismic measures. The bridge has a single span of 30 m and a total span of 120 m, as shown in Figure 1a . Figure 1b shows the section of the girder, which consists of six small box girders with either reinforced or pre-stressed concrete, with a width of 17 m and a height of 1.6 m. The compressive strength of concrete used in the girder is 50 MPa, the elastic modulus is 34,500 MPa, and the bulk density is 25 kN/m 3 [21] . The piers of the bridge have a square cylindrical section, with a height of 15 m and a side length of 1.8 m, as shown in Figure 1c . The compressive strength of concrete used in piers is 30 MPa, the elastic modulus is 30,000 MPa, and the bulk density is 25 kN/m 3 . The total weight of the bridge is 8137 kN [25] . The girder and pier of the bridge are modelled using the elastic beam-column elements. The pier foundation is assumed to be fixed and the soil structure interaction is neglected. The bearings adopted on #1 and #5 piers and #2, #3, and #4 piers are different. Slide rubber bearings are adopted on #1 and #5 piers, in order to satisfy the deformation requirements of the structure under a static load, whereas laminated rubber bearings are adopted on #2, #3, and #4 piers. The bearings consisting of an elastomeric rubber pad are modelled by the elastic, perfectly plastic element to represent the frictional force developed at the elastomeric pad. The parameters of the The bearings adopted on #1 and #5 piers and #2, #3, and #4 piers are different. Slide rubber bearings are adopted on #1 and #5 piers, in order to satisfy the deformation requirements of the structure under a static load, whereas laminated rubber bearings are adopted on #2, #3, and #4 piers. The bearings consisting of an elastomeric rubber pad are modelled by the elastic, perfectly plastic element to represent the frictional force developed at the elastomeric pad. The parameters of the bearings are shown in Table 1 [36] . The initial gap of expansion device is 160 mm, as shown in Figure 2 . The steel members of the expansion device have a yield strength of 345 MPa and an ultimate strength range of 490-675 MPa. The lower limit of tensile strength of rubber shear springs is 20 MPa [32] . The expansion devices are modelled by the clearance element: the clearance quantity is the same as initial gap, 160 mm, the effective stiffness is 5320 kN/mm, and the damping c is 5.16 kN·s/m, with the ultimate impact as 15,000 kN [37] .
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Simulation of the Bridge and Seismic Measures
Finite Element Model of the Bridge
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Finite Element Model of Restrainer
Simulation of the Bridge and Seismic Measures
Finite Element Model of the Bridge
A finite element model of the bridge was established, in which the girder, bent cap, and piers are simulated by finite elements using beam elements, and the bearings were simulated by an elastic connection [38] . The gap element was selected for the simulation of the expansion device.
Finite Element Model of Restrainer
Many measures restrict the large displacement of bridges, such as restrainer and unseating prevention devices [14] . Restrainers can be used to restrict the displacement of the bearing within an allowable deformation; thus, such a device is selected to control large displacements between the superstructure and substructure of a bridge. The steel bar was selected as the restrainer in this study, and its structural diagram is shown in Figure 3a . The material of the steel restrainer bar has a yield strength of 335 MPa and the elastic modulus of 200 GPa. The restrainer details are described in Liu et al. [12] .
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is the initial design space of the restrainer, is the relative displacement of the superstructure and substructures of the bridge, is the stiffness of the restrainer, is the force of the restrainer, the value of which can calculated according to Equation (9):
Selection and Simulation of Unseating Prevention Devices
When the seismic load exceeds the designed strength, and the restrainer is insufficient to control the excessive displacement of the bridge, the unseating prevention device is an effective control The steel cable restrainers are modelled by using the tension-only bilinear elements. Considering that the initial design space of the restrainer needs to provide enough common deformation space for bearings, the initial design space o was selected to be the same as the displacement of bearings under a small earthquake, which is 38 mm, and the stiffness k was selected to be 10 4 kN/m. The restrainers were set on #1 and #5 piers [12, 35] .
The gap element in the finite element program was used to simulate the restrainer; hence, simultaneously considering the design parameters such as initial design space and stiffness, the finite element model of the device is as shown in Figure 3b . When the relative displacement between the superstructure and the substructures d on one side of the bridge exceeds the initial design space of the restrainer o, the restrainer on this site will be activated:
o is the initial design space of the restrainer, d is the relative displacement of the superstructure and substructures of the bridge, k is the stiffness of the restrainer, f is the force of the restrainer, the value of which can calculated according to Equation (9):
When the seismic load exceeds the designed strength, and the restrainer is insufficient to control the excessive displacement of the bridge, the unseating prevention device is an effective control measure to prevent the pounding between girders caused by bearing failure and the damage caused by falling.
There are various unseating prevention measures in bridges, such as steel plates, connecting bars, cables, and pre-stress wires. Compared to the other devices, cables have better applicability, and their initial space is controllable. Thus, a cable unseating prevention device was selected for this study [39] , as shown in Figure 4 . The hoop element in the finite element program was used to simulate the unseating prevention devices; the finite element model is shown in Figure 4c . The standard tensile strength of the cable unseating prevention devices is 1200-1580 MPa, the elastic modulus is 206 GPa, the relaxation rate is 2.5%, the nominal diameter is 5 mm, and the number of wires is 61 [14] .
When the relative displacement between the superstructure and substructures exceeds the initial space of the unseating prevention device s, the unseating prevention device will start to work. The design parameters, such as the initial space and stiffness, can be considered in the model:
s is the initial space of the unseating prevention device, is the relative displacement of superstructure and substructures of the bridge, is the stiffness of the unseating prevention device, is the force of the unseating prevention device, whose value is calculated according to Equation (10):
The simulation of the unseating prevention device is similar to that of the restrainer. The initial clearance of the unseating prevention device should be able to prevent the bearing from failure; in addition, the prevention device should be triggered when the restrainer is no longer able to limit the excessive displacement of the bridge.
It has found that unseating prevention devices with a smaller initial clearance and a more substantial cable length (with a lower cable stiffness) were more efficacious [23, 26] . Therefore, according to the actual conditions of the bridge, an unseating prevention device with an initial clearance of 8 cm (slightly less than the allowable deformation of the bearing, which is 8.12 cm), and a length of 2 m was selected as the ultimate seismic control measure to coordinate with the limit device. The stiffness of unseating prevention devices was calculated to be 227,620 kN/m, and it has a fracture force of 3340 kN.
Case Settings
Different seismic measures have different functions; to analyze the disaster distribution effect of seismic measures and the correlation between them, the seismic measures that may be adopted are combined to analyze the earthquake response in different cases. The aseismic measures for each case are shown in Table 2 . The hoop element in the finite element program was used to simulate the unseating prevention devices; the finite element model is shown in Figure 4c . The standard tensile strength of the cable unseating prevention devices is 1200-1580 MPa, the elastic modulus is 206 GPa, the relaxation rate is 2.5%, the nominal diameter is 5 mm, and the number of wires is 61 [14] .
When the relative displacement between the superstructure and substructures d exceeds the initial space of the unseating prevention device s, the unseating prevention device will start to work. The design parameters, such as the initial space and stiffness, can be considered in the model: s is the initial space of the unseating prevention device, d is the relative displacement of superstructure and substructures of the bridge, k is the stiffness of the unseating prevention device, f is the force of the unseating prevention device, whose value is calculated according to Equation (10):
It has found that unseating prevention devices with a smaller initial clearance and a more substantial cable length (with a lower cable stiffness) were more efficacious [23, 26] . Therefore, according to the actual conditions of the bridge, an unseating prevention device with an initial clearance of 8 cm (slightly less than the allowable deformation of the bearing, which is 8.12 cm), and a length of 2 m was selected as the ultimate seismic control measure to coordinate with the limit device. The stiffness of unseating prevention devices k was calculated to be 227,620 kN/m, and it has a fracture force of 3340 kN.
Different seismic measures have different functions; to analyze the disaster distribution effect of seismic measures and the correlation between them, the seismic measures that may be adopted are combined to analyze the earthquake response in different cases. The aseismic measures for each case are shown in Table 2 . 
Earthquakes
To investigate the relationship between the seismic responses of the bridge and the seismic intensity, as well as the seismic method of pounding damage, the intensity of earthquakes used in this paper increases stepwise; earthquakes with an exceeding probability of 63.2%, 10%, and 2% in 100 years (small, moderate, and large earthquakes) and the Northridge earthquake in the United States are considered [26] . Figure 5 show the time histories of the small, moderate, large, and the Northridge earthquakes. The peak acceleration of the earthquakes shows an increasing trend of 0.07 g, 0.26 g, 0.37 g, and 0.60 g.
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Model Validation
The model and algorithm for numerical simulation affect the final simulation results [38, 40] . Different researchers verify the accuracy of the mathematical model and algorithm used in the numerical simulation by the existing shaking table test [41, 42] . In this paper, we proved the correctness of the algorithm and mathematical model by a numerical simulation of Sahasrabudhe's 
The model and algorithm for numerical simulation affect the final simulation results [38, 40] . Different researchers verify the accuracy of the mathematical model and algorithm used in the numerical simulation by the existing shaking table test [41, 42] . In this paper, we proved the correctness of the algorithm and mathematical model by a numerical simulation of Sahasrabudhe's experiment [43, 44] .
In the shaking table test in the reference, a single-span bridge model at a 1:20 scale was designed, and was built as shown in Figure 6a ; the weight of the deck was 12.36 kN and that of each pier was 0.53 kN. The bridge had a clear span of 1.83 m, a width of 0.89 m, and a height of 0.96 m. The deck of the bridge model was restrained from sliding by means of an angle welded between the deck and pier caps, and the bridge model was instrumented with stress transducer and accelerometers at both the piers and the deck to measure the displacement and acceleration response. The bridge was designed to have a natural period of 0.45 s in the longitudinal direction. The size of the numerical simulation model is consistent with the calculation model in the literature, as shown in Figure 6b . It has a clear span of 36.6 m, a width 17.8 m, and a height 19.2 m; the weight of the deck is 4992 kN and the piers weigh 424 kN each, and the bridge has a natural period of 0.45 s. The El Centro S00E earthquake with a peak acceleration of 0.87 g and the Northridge earthquake with a peak acceleration 1.75 g have been used to analyze the seismic response of the bridge. The analysis results show that, whether under the action of the El Centro wave or Northridge wave, the trend of the pier displacement analysis is consistent with the experimental results, as can be seen in Figure 6c ,d.
It can be seen from Figure 6c ,d that the two piers had a similar displacement response under the action of El Centro and Northridge earthquakes, but the numerical simulation analysis results deviate from the test results to some extent. Figure 6e ,f show the error analysis of the test results and numerical analysis results. The calculation formula for error analysis is as follows:
where δ is the actual relative error, %; ∆ is the absolute error, and L is the actual value. The errors between the numerical analysis results and model test results are almost within 10%. The displacement value of the top of the left pier in Northridge earthquake is the closest to the test result, with a minimum error of 0.75%, while the displacement of the bottom of the right pier is quite different from the test result, with a maximum error of 12.42%. The main reason for this is that (1) there are errors between the measured values and actual values [45, 46] ; and, (2) like most researchers, we assumed the consolidation form of the structure foundation in this paper, leading to a difference in the analysis result between the actual test model and numerical model and thereby a difference between the calculation result and the experimental result. However, this error is small enough to meet the requirements for precision in this study [47] [48] [49] .
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Calculation Analysis and Discussion
Displacement of Girders, Bearings, and Pier Top
The seismic performances of more than 10,000 continuous girder bridges have been evaluated using a modal response spectrum analysis of a detailed finite-element model. The results indicate a considerable influence of the longitudinal ground motion component on the overall response [50] . Therefore, this paper mainly analyzes the longitudinal seismic response of bridge structures.
The longitudinal displacement of the girder of the bridge structure is the critical parameter to evaluate the seismic safety of the bridge. The excessive longitudinal displacement of the girder will cause seismic hazards, such as bridge pounding, unseating, etc. Different levels of seismic loads were applied to the bridge structures with six different cases for seismic measures ( Figure 5 ). Figure 7 shows the displacement of the girder after different cases for seismic measures were used in earthquakes of different magnitudes. It can be seen in Figure 7 that, in different cases, with an increasing magnitude of the earthquake, the displacement of the girder increases, with significant changes in the Northridge earthquake. However, the displacement of the girder basically does not change under the action of a small earthquake in different cases. In Cases 1 and 2, the displacement of the girder end of the bridge structure exceeds the initial gap-16 cm-of the bridge expansion device under the action of large and Northridge earthquakes, leading to impact and damage at the expansion device. It was also found that the displacement of the girder is close to or more than 16 cm under the action of the large earthquake in Case 3 and the Northridge earthquake in Case 4. It should be noted that the displacement of the bridge girder under the action of the Northridge earthquake is less than or close to that under the action of the large earthquake in Cases 2 and 3, which is also observed in Cases 5 and 6. That may be due to the fact that the displacement of the bearing is not controlled by the unseating prevention devices until its displacement reaches its shear deformation in Case 4 without a restrainer, so the structure is subjected to a large earthquake impact force. The unseating prevention devices have a higher impact on the structural response under the action of a large earthquake than the Northridge earthquake. It is worth mentioning that the displacement of the bridge girder is less than 16 cm at earthquakes of different magnitudes in Cases 5 and 6. This means that the cooperation of the restrainer and unseating prevention devices can effectively avoid pounding and unseating damage. However, in Case 1, the largest displacements of the bridge girder without seismic measures are 14.99 cm, 19.12 cm, and 24.92 cm, respectively, under the action of moderate, large, and Northridge earthquakes, suggesting that the bridge girder can be protected to different extents only when seismic measures are taken. The excessive deformation of the bearing in the bridge structure directly causes bearing failure and unseating damage. The displacement is an important index to evaluate the failure of the bearing. In this study, sliding rubber bearings were used for #1 and #5 piers of the bridge, while laminated rubber bearings were used for #2, #3, and #4 piers. Thus, the maximum displacement of the sliding rubber bearings and plate rubber bearings under the action of the earthquake was summarized as the control object. Figure 8 shows the change of the bearing displacement of the bridge structure with different seismic measures. In different cases, the displacement is much higher under the action of the Northridge and large earthquakes than moderate and small earthquakes, regardless of sliding rubber bearings (Figure 8a ) or laminated rubber bearings (Figure 8b ). Laminated rubber bearings have a similar displacement, of about 4 cm, than sliding rubber bearings, but a smaller displacement change than sliding rubber bearings under the action of the small earthquake. For the sliding rubber bearings and laminated rubber bearings, their displacement exceeds their allowable shear deformation (8.12 cm and 9.1 cm, respectively) when the magnitude of the earthquake increases to a moderate earthquake. This indicates that the bearing is largely destroyed, and the girder may fall from the piers. Figure 8a shows that, in different combinations of seismic measures, the displacement of sliding rubber bearings is greater than 8.12 cm, especially in Cases 1, 2 and 3, but there are slight changes in Cases 4, 5, and 6 under the action of moderate, large, and Northridge earthquakes. That is mainly due to the fact that, when the magnitude of the earthquake increases, the restrainer is unable to restrict the excessive displacement of the structure sufficiently, and the unseating prevention devices effectively control the relative displacement of the substructure and superstructure of the bridge under the action of the earthquake due to its relatively large rigidity. In Cases 3 and 5, the displacement of the bridge bearings is slightly larger under the action of the large earthquake than The excessive deformation of the bearing in the bridge structure directly causes bearing failure and unseating damage. The displacement is an important index to evaluate the failure of the bearing. In this study, sliding rubber bearings were used for #1 and #5 piers of the bridge, while laminated rubber bearings were used for #2, #3, and #4 piers. Thus, the maximum displacement of the sliding rubber bearings and plate rubber bearings under the action of the earthquake was summarized as the control object. Figure 8 shows the change of the bearing displacement of the bridge structure with different seismic measures. In different cases, the displacement is much higher under the action of the Northridge and large earthquakes than moderate and small earthquakes, regardless of sliding rubber bearings (Figure 8a ) or laminated rubber bearings (Figure 8b ). Laminated rubber bearings have a similar displacement, of about 4 cm, than sliding rubber bearings, but a smaller displacement change than sliding rubber bearings under the action of the small earthquake. For the sliding rubber bearings and laminated rubber bearings, their displacement exceeds their allowable shear deformation (8.12 cm and 9.1 cm, respectively) when the magnitude of the earthquake increases to a moderate earthquake. This indicates that the bearing is largely destroyed, and the girder may fall from the piers. excessive relative displacement between decks and can even prevent a deck that is dislodged from its support from falling, which proved once again that the bridge structure should include measures to prevent falling [38, 51] . It was found that combination of seismic measures has received considerable attention in terms of reducing damages as well as improving the serviceability of the bridge; although our study is different from the selection type of seismic measures in Shrestha and DesRoches's study, the result is consistent [33, 52] . Figure 9 shows the change of the pier top displacement when different seismic measures are taken for the bridge under earthquakes of different magnitudes. In this part, #1 and #5 piers with sliding rubber bearings are compared with #2, #3, and #4 piers with laminated rubber bearings, and the maximum displacement of their respective tops is analyzed. Under the action of the small earthquake, the displacement of the pier top in different cases is relatively consistent, and #2, #3, and #4 piers have a greater maximum displacement of the pier top than #1 and #5 piers. The displacement of the pier top is much higher under the action of the Northridge and large earthquakes than small and moderate earthquakes. Figure 9a shows that #1 and #2 piers have a smaller pier top displacement and close displacement under the action of different levels of earthquakes in Cases 1 and 2. The displacement difference is small under the action of moderate, large, and Northridge earthquakes, and the maximum displacement is 2.96 cm under the action of large earthquake in Case 3. Piers #1 and #5 have a larger pier top displacement in Case 4 than other cases under the action of moderate, large, and Northridge earthquakes-i.e., 2.81 cm, 6.24 cm and 6.59 cm-which increase to 4.76, 8 and 5.78 times the original design value, respectively. That is because, in the preliminary design, sliding rubber bearings are designed for #1 and #5 piers, while laminated rubber bearings are designed for #2, #3, and #4 piers. The sliding rubber bearings will slide under earthquake action so that a smaller seismic load is Figure 8a shows that, in different combinations of seismic measures, the displacement of sliding rubber bearings is greater than 8.12 cm, especially in Cases 1, 2 and 3, but there are slight changes in Cases 4, 5, and 6 under the action of moderate, large, and Northridge earthquakes. That is mainly due to the fact that, when the magnitude of the earthquake increases, the restrainer is unable to restrict the excessive displacement of the structure sufficiently, and the unseating prevention devices effectively control the relative displacement of the substructure and superstructure of the bridge under the action of the earthquake due to its relatively large rigidity. In Cases 3 and 5, the displacement of the bridge bearings is slightly larger under the action of the large earthquake than the Northridge earthquake, mainly due to the fact that the restrainer is damaged so much under the action of the large earthquake that it is impossible to control the displacement of the bearings. Figure 8b shows that the maximum displacement of the laminated rubber bearings is 19.38 cm, which is smaller than that of the sliding rubber bearings (23.78 cm), under the action of the Northridge earthquake. That means that the displacement of the sliding rubber bearings is larger than that of laminated rubber bearings under the action of the same earthquake, and #1 and #5 piers with sliding rubber bearings bear fewer seismic loads and are safer than #2, #3, and #4 piers in the earthquake. In addition, in Cases 3, 5 and 6, the displacement of the laminated rubber bearings under the action of the large earthquake is greater than the Northridge earthquake for the same reason as that of the sliding rubber bearings.
Both Figure 8a ,b show that, in the combinations of seismic measures in Case 5 or 6, both the sliding rubber bearings and laminated rubber bearings have small displacement, but this is only slightly larger than the allowable shear deformation under earthquakes of different magnitudes. This means that these two combinations of seismic measures can reduce the probability of the unseating from the bearing more significantly than other combinations of seismic measures.
The displacement reduction of sliding rubber bearing is larger than that of laminated rubber bearings. The displacement of the bearings decreases most under the action of the Northridge earthquake. When there is no seismic measure in Case 1, the displacement of the sliding rubber bearings is 23.78 cm. In Case 6, the displacement of the sliding rubber bearings is 8.57 cm-about 36% of the displacement of the sliding rubber bearings in Case 1. The displacement of the laminated rubber bearings decreases from 19.38 cm in Case 1 to 9.59 cm in Case 6 by about a half.
The simulation results indicate that the effectiveness of seismic measures significantly prevents potential pounding and unseating damage to bridges due to the interaction between adjacent bridge segments caused by impacts. The result confirms Raheem's research result and shows the importance of setting up seismic measures to prevent bridge collision [14] . The restrainer can totally avoid pounding damage and substantially mitigates the relative displacement to avoid unseating damage; this conclusion is the same as that of Liu's research on railway bridges [12] . Unseating prevention devices are effective in maintaining the integrity of a total bridge system, and they prevent an excessive relative displacement between decks and can even prevent a deck that is dislodged from its support from falling, which proved once again that the bridge structure should include measures to prevent falling [38, 51] . It was found that combination of seismic measures has received considerable attention in terms of reducing damages as well as improving the serviceability of the bridge; although our study is different from the selection type of seismic measures in Shrestha and DesRoches's study, the result is consistent [33, 52] . Figure 9 shows the change of the pier top displacement when different seismic measures are taken for the bridge under earthquakes of different magnitudes. In this part, #1 and #5 piers with sliding rubber bearings are compared with #2, #3, and #4 piers with laminated rubber bearings, and the maximum displacement of their respective tops is analyzed. Under the action of the small earthquake, the displacement of the pier top in different cases is relatively consistent, and #2, #3, and #4 piers have a greater maximum displacement of the pier top than #1 and #5 piers. The displacement of the pier top is much higher under the action of the Northridge and large earthquakes than small and moderate earthquakes. earthquakes of different magnitudes in Cases 5 and 6 and much larger than Cases 1 and 2, meaning that the expansion device does not significantly control the bearing displacement. The expansion device and unseating prevention devices are used in Case 4, but the relative displacement between the girder and pier exceeded the allowable shear deformation of the bearing when the unseating prevention devices control the displacement, resulting in a larger impact force on the unseating prevention devices. Therefore, #1 and #5 piers have much higher pier top displacement in Case 4 than other Cases, and #2, #3, and #4 piers also have larger pier top displacement in Case 4 than Cases 3, 5, and 6. Figure 9b shows that the pier top displacement of #2, #3, and #4 piers changes stably under earthquakes of different magnitudes in different cases. The pier top displacement of #2, #3, and #4 piers decreases when the restrainer and unseating prevention devices are added to the combination of seismic measures. In Cases 1, 2, and 3, the pier top displacement of #2, #3, and #4 piers is much higher than that of #1 and #5 piers under earthquakes of different magnitudes, which is mainly due to the fact that the low stiffness of the expansion device and restrainer leads to a small connection stiffness between the bridge girder and pier and thereby the transmission of less seismic load to the #1 and #5 piers than #2, #3, and #4 piers. In Cases 4, 5, and 6, #2, #3, and #4 piers have a smaller pier top displacement than #1 and #5 piers because of transmission of a bigger seismic load to #1 and #5 piers than #2, #3, and #4 piers due to the fact that the unseating prevention devices create a very stiff connection between the girder and pier. Piers #2, #3 and #4 have consistent pier top displacement and smaller pier top displacement in Cases 5 and 6 than other cases under earthquakes of different magnitudes, due to the fact that the restrainer and unseating prevention devices are used together. 
Bending Moment
In an earthquake, the pier bears a large horizontal seismic force, leading to a large bending moment at the bottom of the pier. Once the bending moment exceeds the yield moment at the bottom of the pier, plastic failure of the pier will occur. Figure 10 shows the change of bending moment at the bottom of the pier after different combinations of seismic measures are used for the bridge structure under the action of earthquakes. The piers have the same height, so the bending moment at the bottom of each pier has a linear relationship with the pier top displacement; i.e., the bending moment at the bottom of each pier changes in the same manner as the pier top displacement. Under the action of the Northridge earthquake, the bending moment at the bottoms of the piers is the biggest in Case 1; in particular, that of #1 and #5 piers is 7564 kN·m, and that of #2, #3, and #4 piers is 32,594 kN·m. Figure 9a shows that #1 and #2 piers have a smaller pier top displacement and close displacement under the action of different levels of earthquakes in Cases 1 and 2. The displacement difference is small under the action of moderate, large, and Northridge earthquakes, and the maximum displacement is 2.96 cm under the action of large earthquake in Case 3. Piers #1 and #5 have a larger pier top displacement in Case 4 than other cases under the action of moderate, large, and Northridge earthquakes-i.e., 2.81 cm, 6.24 cm and 6.59 cm-which increase to 4.76, 8 and 5.78 times the original design value, respectively. That is because, in the preliminary design, sliding rubber bearings are designed for #1 and #5 piers, while laminated rubber bearings are designed for #2, #3, and #4 piers. The sliding rubber bearings will slide under earthquake action so that a smaller seismic load is transmitted to #1 and #5 piers. When the restrainer and unseating prevention devices are installed, they increase the connection stiffness between the substructure and superstructure of #1 and #5 piers, distributing a bigger seismic load to the piers and thus increasing the pier top displacement of #1 and #5 piers. It is worth mentioning that the change of displacement is basically identical under earthquakes of different magnitudes in Cases 5 and 6 and much larger than Cases 1 and 2, meaning that the expansion device does not significantly control the bearing displacement. The expansion device and unseating prevention devices are used in Case 4, but the relative displacement between the girder and pier exceeded the allowable shear deformation of the bearing when the unseating prevention devices control the displacement, resulting in a larger impact force on the unseating prevention devices. Therefore, #1 and #5 piers have much higher pier top displacement in Case 4 than other Cases, and #2, #3, and #4 piers also have larger pier top displacement in Case 4 than Cases 3, 5, and 6. Figure 9b shows that the pier top displacement of #2, #3, and #4 piers changes stably under earthquakes of different magnitudes in different cases. The pier top displacement of #2, #3, and #4 piers decreases when the restrainer and unseating prevention devices are added to the combination of seismic measures. In Cases 1, 2, and 3, the pier top displacement of #2, #3, and #4 piers is much higher than that of #1 and #5 piers under earthquakes of different magnitudes, which is mainly due to the fact that the low stiffness of the expansion device and restrainer leads to a small connection stiffness between the bridge girder and pier and thereby the transmission of less seismic load to the #1 and #5 piers than #2, #3, and #4 piers. In Cases 4, 5, and 6, #2, #3, and #4 piers have a smaller pier top displacement than #1 and #5 piers because of transmission of a bigger seismic load to #1 and #5 piers than #2, #3, and #4 piers due to the fact that the unseating prevention devices create a very stiff connection between the girder and pier. Piers #2, #3 and #4 have consistent pier top displacement and smaller pier top displacement in Cases 5 and 6 than other cases under earthquakes of different magnitudes, due to the fact that the restrainer and unseating prevention devices are used together.
In an earthquake, the pier bears a large horizontal seismic force, leading to a large bending moment at the bottom of the pier. Once the bending moment exceeds the yield moment at the bottom of the pier, plastic failure of the pier will occur. Figure 10 shows the change of bending moment at the bottom of the pier after different combinations of seismic measures are used for the bridge structure under the action of earthquakes. The piers have the same height, so the bending moment at the bottom of each pier has a linear relationship with the pier top displacement; i.e., the bending moment at the bottom of each pier changes in the same manner as the pier top displacement. Under the action of the Northridge earthquake, the bending moment at the bottoms of the piers is the biggest in Case 1; in particular, that of #1 and #5 piers is 7564 kN·m, and that of #2, #3, and #4 piers is 32,594 kN·m.
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The bending moment at the bottom of #1 and #5 piers does not change under the action of a small earthquake. Under the action of moderate, large, and Northridge earthquakes, the bending moment at the bottom of #1 and #5 piers increases compared with Cases 1 and 2, while the bending moment at the bottom of #2, #3, and #4 piers decreases. However, in Case 4, the displacement of the bearing has reached its allowable shear deformation when the unseating prevention devices control the bearing. Thus, the girder bears a relatively large impact force, and the unseating prevention devices have a bigger restraining force on the substructure and superstructure than the restrainer. That is why the bending moment at the bottom of #1 and #5 piers is greater in Case 4 than other cases.
In Figure 10a , Case 1 and Case 2 have small and basically identical bending moments under earthquakes of different magnitudes, indicating that the expansion device insignificantly influences the bending moments of #1 and #5 piers. Under earthquakes of different magnitudes, Case 3 has a slight bigger bending moment than Cases 1 and 2, but a much smaller bending moment than Cases 5 and 6. Case 4 has almost the biggest bending moment at the bottom of #1 and #5 piers in all the cases. Under the action of moderate, large, and Northridge earthquakes, the bending moment at the bottom of #1 and #5 piers is 16,775 kN·m, 30,729 kN·m, and 38,966 kN·m, respectively, which increase to 4.35, 6.02 and 5.15 times the original design value (7564 kN·m). In Cases 4, 5, and 6, the piers have a bigger bending moment at their bottom than their yield bending moment (28,650 kN·m) under the action of large and Northridge earthquakes, since the unseating prevention devices transfer less seismic load to #1 and #5 piers.
In Figure 10b , the #2, #3, and #4 piers have a bigger bending moment at their bottom in Case 1 than other cases; under the Northridge earthquake, the piers have a bending moment of 32,594 kN·m at their bottom, and this is bigger than the yield bending moment (28,650 kN·m). The bending moment at the bottom of #2, #3, and #4 piers decreases after seismic measures are taken. Under the action of moderate, large, and Northridge earthquakes, the #2, #3, and #4 piers have a bending moment at their bottom of 14,232 kN·m, 20,783 kN·m and 17,592 kN·m, respectively, which decreases to about 74%, 82%, and 54% of the initial design value (32,594 kN·m), all of which do not exceed their ultimate bending moment in Case 6. The above analysis shows that the seismic measures increase the connection between the substructure and superstructure of the bridge, and primarily affect #1 and #5 piers with seismic measures. Thus, #1 and #5 piers with sliding rubber bearings bear a bigger seismic load, and the entire bridge gradually has an identical bending moment at the bottom of the piers. Figure 11 shows the ratio of bending moment at the bottom of #1 and #5 piers with sliding laminated rubber bearings to #2, #3, and #4 piers with laminated rubber bearings under the action of earthquakes. The seismic measure does not influence the bending moment at the bottom of the piers under the action of the small earthquake. However, the bending moment at the bottom of #1 and #5 piers is close to-but more than that of-#2, #3, and #4 piers, under the action of other earthquakes The bending moment at the bottom of #1 and #5 piers does not change under the action of a small earthquake. Under the action of moderate, large, and Northridge earthquakes, the bending moment at the bottom of #1 and #5 piers increases compared with Cases 1 and 2, while the bending moment at the bottom of #2, #3, and #4 piers decreases. However, in Case 4, the displacement of the bearing has reached its allowable shear deformation when the unseating prevention devices control the bearing. Thus, the girder bears a relatively large impact force, and the unseating prevention devices have a bigger restraining force on the substructure and superstructure than the restrainer. That is why the bending moment at the bottom of #1 and #5 piers is greater in Case 4 than other cases.
In Figure 10b , the #2, #3, and #4 piers have a bigger bending moment at their bottom in Case 1 than other cases; under the Northridge earthquake, the piers have a bending moment of 32,594 kN·m at their bottom, and this is bigger than the yield bending moment (28,650 kN·m). The bending moment at the bottom of #2, #3, and #4 piers decreases after seismic measures are taken. Under the action of moderate, large, and Northridge earthquakes, the #2, #3, and #4 piers have a bending moment at their bottom of 14,232 kN·m, 20,783 kN·m and 17,592 kN·m, respectively, which decreases to about 74%, 82%, and 54% of the initial design value (32,594 kN·m), all of which do not exceed their ultimate bending moment in Case 6.
The above analysis shows that the seismic measures increase the connection between the substructure and superstructure of the bridge, and primarily affect #1 and #5 piers with seismic measures. Thus, #1 and #5 piers with sliding rubber bearings bear a bigger seismic load, and the entire bridge gradually has an identical bending moment at the bottom of the piers. Figure 11 shows the ratio of bending moment at the bottom of #1 and #5 piers with sliding laminated rubber bearings to #2, #3, and #4 piers with laminated rubber bearings under the action of earthquakes. The seismic measure does not influence the bending moment at the bottom of the piers under the action of the small earthquake. However, the bending moment at the bottom of #1 and #5 piers is close to-but more than that of-#2, #3, and #4 piers, under the action of other earthquakes after seismic measures are taken. In Cases 1 and 2, the bending moment at the bottom of #1 and #5 piers is less than one-quarter of that of #2, #3, and #4 piers; in Cases 4, 5, and 6, the bending moment at the bottom of #1 and #5 piers is slightly more than that of #2, #3, and #4 piers under the action of large and Northridge earthquakes. That means that the unseating prevention devices dramatically strengthen the connection between the substructure and superstructure at #1 and #5 piers, so #1 and #5 share a bigger seismic load.
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The above studies show that, although the seismic measures can increase the seismic performance of the bridge, they will also increase the ductility requirements of the piers for setting seismic measures. This is different from the results of other research, and the reason is that the structure in this paper is a continuous beam bridge, and the seismic response of its pier under an earthquake is quite different from that of the frame structure studied by Andrawes et al. [38] , which is more susceptible to seismic measures. 
Internal Force
Impact Force at Expansion Joints
The pounding at bridge expansion joints under the action of the earthquake is an important control object in seismic design. Seismic measures greatly influence the impact force of expansion joints. Figure 12 shows the impact force acting on the expansion joint under the action of a large earthquake in different cases. Figure 12a shows the time history of the impact force at the expansion joint without seismic measures in Case 2. In the whole process of seismic excitation, the expansion The above studies show that, although the seismic measures can increase the seismic performance of the bridge, they will also increase the ductility requirements of the piers for setting seismic measures. This is different from the results of other research, and the reason is that the structure in this paper is a continuous beam bridge, and the seismic response of its pier under an earthquake is quite different from that of the frame structure studied by Andrawes et al. [38] , which is more susceptible to seismic measures.
Internal Force
Impact Force at Expansion Joints
The pounding at bridge expansion joints under the action of the earthquake is an important control object in seismic design. Seismic measures greatly influence the impact force of expansion joints. Figure 12 shows the impact force acting on the expansion joint under the action of a large earthquake in different cases. Figure 12a shows the time history of the impact force at the expansion joint without seismic measures in Case 2. In the whole process of seismic excitation, the expansion device collides many times, with a maximum impact force of 30,301 kN. 
Internal Force of Seismic Measures
In this paper, each seismic measure plays a vital role in restraining the excessive displacement of the structure and bears the seismic load in an earthquake. Table 3 shows the internal force peak value of seismic measures in each case under earthquakes of different magnitudes.
In Case 2, the expansion device has no large load, but only the rubber embedded in the expansion joint produces a small damping force under the action of small and moderate earthquakes. Under the action of large and Northridge earthquakes, the expansion device has a bigger internal force than its ultimate impact force of 15,000 kN.
In Case 3, the restrainer starts to bear the force under the action of the small earthquake; with increasing force, its internal force increases under the action of moderate and large earthquakes. The sliding rubber bearing has a smaller displacement, and the restrainer has a smaller internal force under the action of the Northridge earthquake than the large earthquake; the expansion device has the maximum internal force of 28,973 kN under the action of the large earthquake.
In Case 4, the expansion device hardly bears a force when the unseating prevention devices are installed [53] . The unseating prevention devices do not start under the action of the small earthquake. The internal force of the unseating prevention devices increases gradually under the action of moderate, large, and Northridge earthquakes. However, the maximum internal force (3691 kN) of the unseating prevention devices exceed its design breaking force, 3340 kN, under the action of the Figure 12b shows that Case 3, in which the restrainer is installed, has a maximum impact force of 28,973 kN, which is smaller than Case 1. However, the expansion joint still collides due to the fact that the restrainer has a relatively limited restraining capacity. In Case 4, in which the unseating prevention devices are installed (see Figure 12c ), and Case 6, in which the restrainer and unseating prevention devices are installed (as shown in Figure 12d ), the impact forces at the expansion joints almost disappear, meaning that the seismic measures can effectively control the pounding between girders under the action of earthquakes.
The results showed that, under proper configurations, the seismic measures work effectively in reducing the actions of pounding in the longitudinal direction. The restrainers were effective through the entire recording and reduced the maximum hinge opening compared to Case 2. The result of this study is identical to that of Zhu and Andrawes [32, 38] .
In this paper, each seismic measure plays a vital role in restraining the excessive displacement of the structure and bears the seismic load in an earthquake. Table 3 shows the internal force peak value of seismic measures in each case under earthquakes of different magnitudes. In Case 2, the expansion device has no large load, but only the rubber embedded in the expansion joint produces a small damping force under the action of small and moderate earthquakes. Under the action of large and Northridge earthquakes, the expansion device has a bigger internal force than its ultimate impact force of 15,000 kN.
In Case 4, the expansion device hardly bears a force when the unseating prevention devices are installed [53] . The unseating prevention devices do not start under the action of the small earthquake. The internal force of the unseating prevention devices increases gradually under the action of moderate, large, and Northridge earthquakes. However, the maximum internal force (3691 kN) of the unseating prevention devices exceed its design breaking force, 3340 kN, under the action of the Northridge earthquake.
In Case 5, the function of the expansion device is not taken into account; the restrainer and the unseating prevention devices are applied together. The unseating prevention devices do not start under the action of the small earthquake, and the internal forces of the restrainer and unseating prevention devices increase under the action of moderate and large earthquakes. The internal forces of the restrainer and the unseating prevention devices are slightly smaller under the action of the Northridge earthquake than the large earthquake. The internal forces of the restrainer and the unseating prevention devices are smaller in Case 5 than Cases 3 and 4. For the restrainer under the action of the large earthquake, its internal force, 594 kN, can reduce to about half of its internal force, 1209 kN, without a coupling device. For the unseating prevention devices, their internal force is also much smaller than that when they are used alone and does not exceed its design breaking force. This means that the cooperation between the restrainer and unseating prevention devices is very beneficial to the forces on the two measures, reducing the internal force and playing a specific protective role under the action of an earthquake.
In Case 6, the expansion device, restrainer, and unseating prevention devices are applied together so that the expansion device does not collide, and the forces on other seismic measures are similar to those in Case 5. This shows that the expansion device only has a slight effect on the forces on the restrainer and unseating prevention devices [7] .
In summary, both the restrainer and unseating prevention devices not only control the excessive displacement of the bridge structure under the action of the earthquake, but also cooperate in sharing the impact force caused by the earthquake load and make the forces on the structure and seismic measures more reasonable.
Energy Dissipation
The expansion device, restrainer, and unseating prevention devices consume seismic energy during their deformation under the action of an earthquake. Figure 13 shows the cumulative dissipated energy of seismic measures in each case under the action of the large earthquake.
Appl. Sci. 2020, 10, x; doi: FOR PEER REVIEW 18 of 23 dissipates a smaller energy in Cases 5 and 6, in which the restrainer and unseating prevention devices work together than Case 3, in which unseating prevention devices are not used. Figure 13c shows the dissipated energy of the unseating prevention devices in each case. With reciprocating motion in an earthquake, the unseating prevention devices bear a large impact force several times while they considerably deform. In Cases 4, 5, and 6, the unseating prevention devices continuously deform and dissipate energy, with ultimate cumulative dissipated energies of 37,173 kJ, 26,828 kJ, and 25,460 kJ, respectively. The dissipated energy and the force on the unseating prevention devices are reduced to a certain extent in Case 5, in which the restrainer is used, and the expansion device is used in Case 6, meaning that multiple seismic measures share the seismic load and thereby reduce the seismic load on each device. In summary, the joint application of the expansion device, restrainer, and unseating prevention devices effectively controls the excessive displacement of the bridge structure under the action of the earthquakes. Meanwhile, they cooperate with one another to share the impact force caused by the earthquake load and make the forces on the structure and seismic measures more reasonable. The multiple seismic measures show a much better seismic effect than a single seismic measure.
Therefore, Case 6 is the best in all cases. Table 4 shows the seismic response of the structure at all magnitudes of earthquakes and the ratios of the seismic response to the initial design value in Case 6. Figure 13a shows the cumulative dissipated energy of the expansion device in each case. In Cases 1, 3, 4, and 6, the expansion device has cumulative dissipated energies of 69,565 kJ, 67,066 kJ, 197 kJ, and 230 kJ, respectively. This indicates that the restrainer can reduce the impact force at the expansion joint to a certain extent, and the unseating prevention devices can completely control the displacement of the expansion device within 16 cm without pounding. Thus, the dissipated energy is smaller and is almost provided by the rubber material in the expansion device. The energy jump which occurs in the energy dissipation time history is the dissipated energy increment caused by the pounding at the expansion joint. When the pounding no longer occurs, and the dissipated energy of the expansion device no longer accumulates, the total consumed energy reaches a plateau. Figure 13b shows the dissipated energy of the restrainer in each case. In Cases 3, 5, and 6, the restrainer deforms and dissipates energy progressively, with ultimate cumulative dissipated energies of 82,055 kJ, 39,564 kJ, and 39,180 kJ, respectively. This shows that the installed restrainer can better restrain the displacement and dissipate energy under the action of an earthquake. The restrainer dissipates a smaller energy in Cases 5 and 6, in which the restrainer and unseating prevention devices work together than Case 3, in which unseating prevention devices are not used. Figure 13c shows the dissipated energy of the unseating prevention devices in each case. With reciprocating motion in an earthquake, the unseating prevention devices bear a large impact force several times while they considerably deform. In Cases 4, 5, and 6, the unseating prevention devices continuously deform and dissipate energy, with ultimate cumulative dissipated energies of 37,173 kJ, 26,828 kJ, and 25,460 kJ, respectively. The dissipated energy and the force on the unseating prevention devices are reduced to a certain extent in Case 5, in which the restrainer is used, and the expansion device is used in Case 6, meaning that multiple seismic measures share the seismic load and thereby reduce the seismic load on each device.
In summary, the joint application of the expansion device, restrainer, and unseating prevention devices effectively controls the excessive displacement of the bridge structure under the action of the earthquakes. Meanwhile, they cooperate with one another to share the impact force caused by the earthquake load and make the forces on the structure and seismic measures more reasonable. The multiple seismic measures show a much better seismic effect than a single seismic measure.
Therefore, Case 6 is the best in all cases. Table 4 shows the seismic response of the structure at all magnitudes of earthquakes and the ratios of the seismic response to the initial design value in Case 6.
Regarding the analysis of the seismic response of the structure at all magnitudes of earthquakes and the ratio of seismic response in Case 6 to Case 1 in Table 4 , it can be seen that the displacements of the bridge girder and bearing generally decrease after the seismic measures are taken in each case. The displacement of the girder in Case 6 can be reduced to at most 48% of that in Case 1. The maximum displacement of the girder is 13.75 cm, which is smaller than the allowable deformation-16 cm-of the expansion joint at the girder end. The displacement of the bearing can be reduced to at most 34% of that in Case 1. For the laminated rubber bearing, its maximum displacement-10.07 cm-is slightly higher than its allowable shear deformation-9.1 cm-under the action of the large earthquake. Piers #1 and #5 have increasing displacement at their tops and an increasing bending moment at their bottoms, while #2, #3, and #4 piers have decreasing displacement at their tops and a decreasing bending moment at their bottoms. However, all the piers have a similar seismic response after seismic measures are taken. Under the action of the large earthquake, the maximum displacement of the pier tops is 5.57 cm, which is 7.14 times larger than that in Case 1, but the displacement of the pier tops does not exceed the allowable displacement of the piers. The maximum bending moment at the bottom of the piers is 32,803 kN·m, which is 6.43 times larger than that in Case 1, and slightly more than the ultimate bending moment of the piers. This means that the seismic measures can effectively restrain the relative displacement of the substructure and superstructure of the bridge and reduce the probability of the pounding, unseating and failure damages of the bridge structure under the action of an earthquake. Meanwhile, the seismic measures can dissipate the seismic energy, increase the overall stiffness of the bridge structure, and uniformly distribute the seismic load on the piers. 
Conclusions
In this paper, the dynamic time history analysis of a four-span continuous girder bridge is carried out for earthquakes of different magnitudes. The large displacement of bridge bearings and expansion joints under the action of a large earthquake leads to seismic hazards, such as unseating, pounding, and collapse, so seismic measures were proposed to improve the seismic performance of the bridge in this paper. The restrainer and unseating prevention devices have different displacement control ranges, and the seismic effect of the expansion device should not be ignored. Thus, six different combinations of seismic measures were taken for the bridge in order to discuss the mechanical behaviors of the bridge structure, including the seismic performance structural displacement, the bending moment of piers, etc., and we comparatively analyzed the seismic effect of several combinations of seismic measures in this study. The following are the main conclusions of this study:
(1) Under larger earthquakes, the initial design of the bridge (Case 1) was found to be damaged by bearing failure, pounding, expansion device failure, and collapse damages without the prevention of seismic measures. For the expansion joint, its maximum displacement-24.92-was much more than its design displacement-16 cm-under the action of the Northridge earthquake. The sliding rubber bearings and laminated rubber bearings have a maximum displacement of 23.78 cm and 19.38 cm, respectively, which are more than their shear deformation of 8.12 cm and 9.1 cm, respectively. The maximum bending moment, 32,594 kN·m, at their bottoms of #2, #3, and #4 piers with laminated rubber bearings is four times the maximum bending moment, 7564 kN·m, at the bottoms of #1 and #5 piers with sliding rubber bearings. The seismic load is unevenly distributed between the piers, leading to a great difference in displacement at the top of each pier. (2) Damping expansion devices can weaken the seismic response of the bridge slightly; restrainers can effectively reduce the displacement of the bridge and improve the overall stiffness of the bridge under small and moderate earthquakes. However, if the seismic magnitude exceeds a moderate earthquake, the restrainer cannot be effectively limited to the excessive displacements of the bridge. The combination of the restrainer and unseating prevention was found to be more effective at controlling the excessive displacement of the bridge. The expansion joint and bearing have a maximum displacement reduction of 48% and 34%, respectively. As the displacements of bearings and expansion joints were reduced within their allowable deformation, the bridge was prevented from pounding and collapse during earthquakes. In addition, the moment at the bottom and the displacement at the top of #1 and #5 piers greatly increased, and even slightly exceeded those of #2, #3, and #4 piers; however, all the piers have a similar seismic response, and the seismic load is uniformly distributed between the piers. (3) Under the action of the earthquake, a large displacement occurs to the sliding rubber bearings (#1 and #5 piers), so a smaller seismic load is transferred to #1 and #5 piers. Thus, #2, #3, and #4 piers have a bigger maximum displacement and bending moment than #1 and #5 piers. The restrainer and installed unseating prevention devices increase the connection stiffness between the substructure and superstructure of the bridge with #1 and #5 piers, distribute a bigger seismic load to the substructure, and increase the displacement at the top and bending moment at the bottom of #1 and #5 piers by a factor of more than four compared with the preliminary design. This revealed that seismic measures could increase the overall stiffness of the bridge and more evenly distribute the impact force and seismic energy among piers caused by earthquakes. (4) Under the action of the large and Northridge earthquakes, there is a big impact force at the expansion joint of the bridge. As no seismic measure is taken, the maximum impact force at the expansion joint is 30,301 kN, which is much more than the designed internal force, 15,000 kN, so the expansion joint is seriously damaged. After the restrainer is installed, the impact force at the expansion joint decreases to some extent, but the impact still exists at the expansion joint. When the restrainer and the unseating prevention devices are used together, the impact force at the expansion joint almost disappears. Seismic measures also bear a large internal force in an earthquake. When the restrainer or unseating prevention devices are used with expansion devices, the internal force is large, and the bridge may be damaged even under the action of the large earthquake. When the expansion device, the restrainer, and the unseating prevention devices are used together, the internal force of the restrainer and the unseating prevention devices are reduced to some extent. Several seismic measures can share the impact force caused by the earthquake load, dissipate the earthquake energy, improve the seismic performance of the structure and seismic measures, and make the force on the structure more reasonable.
